P ulmonary edema resulting from increased capillary permeability, a hallmark of acute lung injury, worsens as intravascular hydrostatic pressure rises and oncotic pressure falls. 1,2 Although lung failure alone can be lethal, death in patients with acute lung injury is usually due to the failure of nonpulmonary organs. 1, 3 The optimal fluid management of acute lung injury is not settled. [4] [5] [6] [7] The usual practice is wideranging, and many practitioners weigh the risks and benefits of strategies of conservative as compared with liberal fluid management. In the conservative approach, fluid intake is restricted and urinary output is increased in an attempt to decrease lung edema, shorten the duration of mechanical ventilation, and improve survival. A possible risk of this approach is a decrease in cardiac output and worsening of nonpulmonaryorgan function. The liberal fluid approach essentially reverses these potential priorities and risks.
Current evidence is insufficient to support the use of either a liberal or conservative fluid strategy in patients with established acute lung injury. [8] [9] [10] [11] We conducted a prospective, randomized clinical trial to investigate the risks and benefits of a fluid-management protocol with a lower (conservative use of fluids) or higher (liberal use of fluids) intravascular pressure (as defined by the pulmonary-artery occlusion pressure or central venous pressure) in patients with acute lung injury. Our primary outcome was death from any cause at 60 days.
Me thods

Study Design
The complete protocol for this trial can be found in the Supplementary Appendix (available with the full text of this article at www.nejm.org). Patients were randomly assigned to a strategy involving either conservative or liberal use of fluids with concealed allocation in permuted blocks of eight with the use of an automated system. Participants were simultaneously randomly assigned to receive either a pulmonary-artery catheter or a central venous catheter in a two-by-two factorial design. 12
Inclusion Criteria
Eligible patients were intubated and received positive-pressure ventilation, had a ratio of the partial pressure of arterial oxygen (PaO 2 ) to the fraction of inspired oxygen (FIO 2 ) of less than 300 (adjusted if the altitude exceeded 1000 m), and had bilateral infiltrates on chest radiography consistent with the presence of pulmonary edema without evidence of left atrial hypertension. 13 If a potential participant did not have a central venous catheter, the primary physician's intent to insert one was required.
Exclusion Criteria
Reasons for exclusion are listed in the Supplementary Appendix. Major reasons for exclusion were the presence of a pulmonary-artery catheter after the onset of acute lung injury; the presence of acute lung injury for more than 48 hours; inability to obtain consent; the presence of chronic conditions that could independently influence survival, impair weaning, or compromise compliance with the protocol (e.g., severe lung or neuromuscular disease or dependence on dialysis); and irreversible conditions for which the estimated sixmonth mortality rate exceeded 50 percent, such as advanced cancer.
Study Procedures
Ventilation according to the Acute Respiratory Distress Syndrome (ARDS) Network protocol of lower tidal volumes was begun within one hour after randomization and continued until day 28; a protocol was used to wean patients from mechanical ventilation. 14 The assigned catheter was inserted within four hours after randomization. Hemodynamic management was started within 2 hours after catheter insertion and continued for seven days or until 12 hours after a patient was able to breathe without assistance. 14 After day 3, a pulmonary-artery catheter could be replaced by a central venous catheter if hemodynamic stability (i.e., absence of the need for protocol-directed interventions on the basis of a measurement with a pulmonary-artery catheter for more than 24 hours) was achieved. We monitored compliance with protocol instructions twice each day: once during a morning reference period and again at a randomly selected time. A 100 percent audit of all instructions conducted after the first 82 patients were enrolled showed rates of protocol compliance similar to those obtained during the random checks (data not shown).
Study personnel underwent training in the con- duct of the protocol (Fig. 1 ) and the measurement of vascular pressure. Vascular pressures were measured in supine patients at end expiration (identified with an airway pressure signal) but were not adjusted for airway pressure. 15
Subjects
A National Heart, Lung, and Blood Institute protocol-review committee, a data and safety monitoring board, and the institutional review board of each participating hospital approved the study. 
Ineffective Circulation
Cardiac index <2.5 liters/min/m 2 or cold, mottled skin with capillaryrefilling time >2 sec
Effective Circulation
Cardiac index ≥2.5 liters/min/m 2 or absence of criteria for ineffective circulation
Ineffective Circulation
Effective Circulation
Cardiac index ≥2.5 liters/min/m 2 or absence of criteria for ineffective circulation ; the presence or absence of oliguria (defined by a urinary output of less than 0.5 ml per kilogram per hour); and the presence or absence of ineffective circulation (defined by a cardiac index of less than 2.5 liters per minute per square meter in the PAC group and by cold, mottled skin with a capillary-refilling time of more than 2 seconds in the CVC group). Each cell is associated with an intervention and a reassessment interval. A patient with effective circulation and normotension and without oliguria would be assigned to a cell in the far right-hand column (cells 15 to 20), depending on the intravascular pressure. These patients received furosemide or fluids to move their intravascular pressure toward the target range (in the liberal-strategy group, a CVP of 10 to 14 mm Hg and a PAOP of 14 to 18 mm Hg; in the conservative-strategy group, a CVP of less than 4 mm Hg and a PAOP of less than 8 mm Hg). For example, if such a patient had a CVP of 8 mm Hg, he or she would be assigned to cell 18 if assigned to the conservative strategy and to cell 19 if assigned to the liberal strategy. The protocol called for the conservative-strategy patient assigned to cell 18 to receive furosemide. (The footnote instructions determined the dose of furosemide on the basis of the prior response of this patient and for furosemide to be withheld if the patient had been in shock within the previous 12 hours.) In contrast, the liberal-strategy patient assigned to cell 19 would receive a fluid bolus. (The footnote instructions limited the daily fluid boluses and called for fluid to be withheld if the FIO 2 was at least 0.7.) Lactate, oxygen delivery, and mixed venous and superior-vena-cava oxygen saturation were not used as protocol variables. For fluid boluses, clinicians were free to select isotonic crystalloid, albumin, or blood products, although the protocol dictated the volume of each administered. If patients were in shock (cells 1 and 2), treatment was left to the judgment of the physician except that after blood pressure stabilized, weaning from the vasopressor was conducted according to the protocol. Of roughly 27,000 assessments, about 19 percent resulted in the assignment of patients to cell 1 or 2 (shock), 75 percent to cells 15 through 20, 5 percent to cells 7 through 10, and 2 percent to other cells. KVO denotes keep vein open, and IV intravenous. The superscript letters and numbers refer to footnotes that may modify protocol instructions on the basis of an individual patient's physiology or response to prior instructions and are important for the safe implementation of the protocol. The protocol is described in detail in the Supplementary Appendix. 
Organ Failure
For 28 days, we monitored patients daily for cardiovascular, renal, and hepatic failure; coagulation abnormalities; and the need for assisted ventilation. 14 The severity of lung injury was scored according to the method of Murray et al. 17 ; the scores can range from 0 to 4, with a lower score indicating better lung function.
Statistical Analysis
The study had a statistical power of 90 percent to detect a reduction by 10 percentage points (from 31 percent to 21 percent) in the primary end point, death before discharge home during the first 60 days after randomization, with the planned enrollment of 1000 patients. We assumed patients who went home without the use of assisted ventilation before day 60 were alive at 60 days. Data on patients who were receiving mechanical ventilation or in a hospital were censored on the last day of follow-up. The Kaplan-Meier method was used to estimate the mean (±SE) 60-day mortality rate at the time of the last death that occurred before 60 days. Differences in mortality between the groups were assessed by a z test. The primary analysis was conducted according to the intention to treat. We assessed differences in continuous variables with analysis of variance, differences in categorical variables with a Mantel-Haenszel test, and differences between continuous variables over time with repeated-measures analysis of variance. For continuous variables, means ±SE are reported. Two-sided P values of 0.05 or less were considered to indicate statistical significance. We used SAS software (version 8.2, SAS Institute) for the analysis.
R esults
Enrollment and Exclusions
We screened patients at 20 North American centers between June 8, 2000, and October 3, 2005. The trial was halted on July 25, 2002, for a review by the Office of Human Research Protection and resumed unchanged on July 23, 2003, except for the introduction of a modified consent form. 18-20 Figure 2 shows the most common reasons for exclusion for the 10,511 patients who were screened but not enrolled and the follow-up for the 503 patients who were randomly assigned to conservative fluid management and the 498 who were assigned to liberal fluid management (all reasons for exclusion are listed in Table 1 of the Supplementary Appendix).
Baseline Characteristics
The two groups were similar with respect to demographic characteristics, type of intensive care unit (ICU), cause of lung injury, coexisting illness-es, severity of illness, organ function, fluid balance before the study began, vasopressor use, and presence of shock (Table 1) .
Protocol Conduct and Instructions
The mean time from admission to the ICU to the first protocol instruction was 41.3±1.6 hours in the liberal-strategy group and 43.8±2.5 hours in the conservative-strategy group (P = 0.42). The rate of compliance with instructions was similar in the two groups (91 percent in the liberal-strategy group and 88 percent in the conservative-strategy group, P = 0.06), even though patients in the former group received more protocol instructions per day (5.1 vs. 4.1, P<0.001). Patients in the conservative-strategy group received furosemide more frequently than did patients in the liberal-strategy group (41 percent vs. 10 percent of instructions, P<0.001), whereas patients in the latter group more often received a fluid bolus (15 percent vs. 6 percent of instructions, P<0.001). More furosemide was given to the conservative-strategy group (Table 2) . Dobutamine use was similar and uncommon in both groups (4 percent in the liberal-strategy group and 6 percent in the conservative-strategy group). At least one blood transfusion was given to 29 percent of patients in the conservative-strategy group and to 39 percent of patients in the liberalstrategy group (P<0.001). During the study, there was no significant difference in the use of drotrecogin alfa (19 percent in the conservative-strategy group vs. 21 percent in the liberal-strategy group, P = 0.70) or systemic corticosteroids (32 percent vs. 37 percent, P = 0.09).
Fluid Balance
Each study day the liberal-strategy group received more fluid than the conservative-strategy group and on days 1 through 4 had a lower urinary output, resulting in a higher cumulative fluid balance (Table 2) . During the study, the seven-day cumulative fluid balance was -136±491 ml in the conservative-strategy group, as compared with 6992±502 ml in the liberal-strategy group (P<0.001) ( Fig. 1 of the Supplementary Appendix) . For pa- tients who were in shock at baseline, the cumulative seven-day fluid balance was 2904±1008 ml in the conservative-strategy group and 10,138± 922 ml in the liberal-strategy group (P<0.001). For patients who were not in shock at baseline, the cumulative fluid balance was −1576±519 ml in the conservative-strategy group and 5287±576 ml in the liberal-strategy group (P<0.001).
Hemodynamics
Intravascular pressures declined in the conservative-strategy group but remained essentially unchanged in the liberal-strategy group (Fig. 2 in the Supplementary Appendix) . The conservativestrategy group had a slightly lower mean arterial pressure, stroke volume, and cardiac index, but the heart rate, mixed venous oxygen saturation, and percentage of patients receiving vasopressors did not differ significantly between the two groups ( Table 2A in the Supplementary Appendix). For patients in shock at randomization, approximately 40 percent of subsequent measurements met the criteria for shock in both treatment groups. For patients who were not in shock at baseline, there were no significant differences between groups in the incidence of shock during study (32 percent in the liberal-strategy group and 28 percent in the conservative-strategy group, P = 0.29) or in the proportions of protocol reassessments classified as shock (6 percent and 7 percent, respectively; P = 0.78).
Lung Function
Ventilator settings and lung-function data are shown in Table 2B of the Supplementary Appendix. The conservative-strategy group had better lung injury scores and oxygenation indexes, as well as lower plateau pressures and positive endexpiratory pressures. The partial pressure of arterial carbon dioxide, arterial pH, and the PaO 2 :FIO 2 were slightly higher in the conservative-strategy group on all study days, but this difference did not reach significance for the PaO 2 :FIO 2 (P = 0.07).
Metabolic and Renal Function
The conservative-strategy group had slightly higher creatinine values than the liberal-strategy group during the study, but this difference did not reach significance (P = 0.06) ( Table 2C of the Supplementary Appendix). The conservative-strategy group had higher levels of blood urea nitrogen, bicarbonate, hemoglobin, albumin, and calculated colloid .001 for all comparisons except for fluid intake on day 4 (P = 0.02) and day 7 (P = 0.004); fluid output on day 4 (P = 0.008), day 5 (P = 0.58), day 6 (P = 0.94), and day 7 (P = 0.61); and fluid balance on day 7 (P = 0.04). Negative fluid balance means that fluid output exceeded fluid intake. osmotic pressure during the study. 21 There were no significant differences in mean serum sodium levels during the study.
Safety
Metabolic alkalosis and electrolyte imbalances were reported as an adverse event (none with associated arrhythmias) more frequently with the conservative strategy (42 events, 3 serious) than with the liberal strategy (19 events, 1 serious) (P = 0.001).
More patients in the conservative-strategy group than in the liberal-strategy group had at least one potassium value of 3.0 mmol per liter or less (26 percent vs. 22 percent, P<0.001), one sodium value of at least 150 mmol per liter (25 percent vs. 18 percent, P = 0.009), or one bicarbonate value of more than 40 mmol per liter (6 percent vs. 2 percent, P<0.001). There was no significant difference in the percentage of patients with at least one potassium value of 2.5 mmol per liter or less (4 percent vs. 3 percent, P = 0.23).
Major Outcomes
Major outcomes are shown in Table 3 and Figure 3. There was no interaction between the interventions of the factorial design (type of fluid management and type of catheter, P = 0.26). Therefore, results are reported according to the fluidmanagement strategy, irrespective of catheter assignment. The in-hospital death rate during the first 60 days after randomization was 25.5±1.9 percent in the conservative-strategy group and 28.4±2.0 percent in the liberal-strategy group (P = 0.30; 95 percent confidence interval for the difference, −2.6 to 8.4 percent). The conservativestrategy group had more ventilator-free days, days free of central nervous system failure, and ICU-free days during the first 28 days. There were no significant differences in the number of failure-free days for other organs during the first 28 days, although there was a small (0.3 day) increase in the number of cardiovascular-failure-free days during the first 7 days with the liberal strategy. Within the first 60 days, there were no significant differences in either the percentage of patients receiving renal-replacement therapy (10 percent in the conservative-strategy group vs. 14 percent in the liberal-strategy group, P = 0.06) or the average number of days of renal support (11.0±1.7 vs. 10.9±1.4, P = 0.96). There were no significant interactions between baseline shock status and treatment with respect to the mortality rate or the number of ventilator-free days or ICU-free days ( Table 3 of the Supplementary Appendix). Black patients had a higher overall rate of death (37.3 percent of 118 black patients in the liberal-strategy group and 31.3 percent of 99 black patients in the conservative-strategy group) than white patients (22.7 percent of 313 white patients in the liberal-strategy group and 23.5 percent of 328 white patients in the conservative-strategy group) (P = 0.002). Hispanic patients also had a higher mortality rate (38.5 percent of 52 Hispanic ‡ For this analysis, cardiovascular failure was defined by a systolic blood pressure of 90 mm Hg or less or the need for a vasopressor (in contrast, shock was defined by a mean arterial pressure of less than 60 mm Hg or the need for a vasopressor [except a dose of dopamine of 5 μg per kilogram per minute or less]); a coagulation abnormality was defined by a platelet count of 80,000 per cubic millimeter or less; hepatic failure was defined by a serum bilirubin level of at least 2 mg per deciliter (34 μmol per liter); and renal failure was defined by a serum creatinine level of at least 2 mg per deciliter (177 μmol per liter). We calculated the number of days without organ or system failure by subtracting the number of days with organ failure from the lesser of 28 days or the number of days to death. Organs and systems were considered failurefree after patients were discharged from the hospital. patients in the liberal-strategy group and 23.0 percent of 61 Hispanic patients in the conservative-strategy group) than whites, but this difference did not reach significance (P = 0.10). After adjustment for baseline covariates, the hazard ratio for death among blacks as compared with whites was not significant (hazard ratio, 1.29; 95 percent confidence interval, 0.97 to 1.73), whereas it was significant for Hispanics (hazard ratio, 1.58; 95 percent confidence interval, 1.08 to 2.31). The interaction between treatment and race for whites as compared with nonwhites was not significant (P = 0.10), nor was it significant in any of the racial or ethnic subgroups. There was also no significant interaction between treatment and sex.
Discussion
Although we did not detect a significant difference between the conservative strategy and the liberal strategy of fluid management in the primary outcome of 60-day mortality, the conservative strategy improved lung function and shortened the duration of mechanical ventilation and intensive care without increasing nonpulmonary-organ failures. The overall difference in mortality according to race or ethnic group has previously been described in patients with acute lung injury 22 and could be due to several factors, including socioeconomic disparities or genetic determinants. 23 The two strategies were designed to be prudent but distinctly different approaches to fluid ther-apy. To place the results of our study in context, it is useful to consider how these fluid strategies compare with usual practice. In this regard, it is of interest that the cumulative seven-day fluid balance in the liberal-strategy group (6992±502 ml) was similar to that among patients in ARDS Network studies in which the approach to fluid management was not specified 14,24 (Fig. 1 of the Supplementary Appendix). These findings are similar to those reported by Simmons et al. 8 in 1987, sug- gesting that the liberal approach to fluid management reflects long-standing practices. The usual practice resembles the liberal approach in another aspect: the prestudy baseline measurements for central venous pressure (12.2 mm Hg) and pulmonary-artery-occlusion pressure (15.7 mm Hg) were both within the target ranges for the liberal fluid strategy (10 to 14 mm Hg and 14 to 18 mm Hg, respectively).
Comparisons of our study to other studies of goal-directed management in critically ill patients are problematic because of differences in protocols, patient populations, and timing of the interventions. Whereas we targeted central venous pressure or pulmonary-artery occlusion pressure in patients with recent onset of acute lung injury, previous studies targeted the cardiac index, oxygen delivery, or mixed venous oxygen saturation in heterogeneous populations of critically ill patients. [25] [26] [27] [28] [29] [30] [31] demonstrated in patients with severe sepsis or septic shock the efficacy of six hours of early, goal-directed resuscitation in the emergency department before admission to the ICU. In contrast, our patients received their first protocol intervention an average of 43 hours after admission to the ICU and 24 hours after meeting the criteria for acute lung injury.
The conservative-strategy group had higher serum oncotic pressures and lower intravascular pressures -characteristics that would be expected to limit the development of pulmonary edema. With lung injury, small increases in the pulmonary-artery occlusion pressure are associated with large increases in extravascular lung water. 2 The higher albumin and hemoglobin levels in the conservative-strategy group appear to be primarily related to hemoconcentration (or less hemodilution), since the rate of albumin use was low and not significantly different between groups and redcell transfusions were more frequent in the liberalstrategy group.
Our results are consistent with those obtained in studies in animals suggesting improved lung function with diuretics and fluid restriction [33] [34] [35] [36] [37] and with the results of observational studies in humans indicating increased survival with a lower fluid balance and a reduction in the pulmonaryartery occlusion pressure. 6,8, 9 Mitchell and colleagues 10 randomly assigned 89 patients with pulmonary edema to receive diuretics and fluid restriction based on extravascular lung water or routine fluid management; the group with fluid restriction had a lower fluid balance, fewer days of ventilator use, and fewer days in the ICU. Martin and coworkers 11 randomly assigned 37 patients with hypoproteinemia and acute lung injury to receive either a five-day specified regimen of furosemide and colloid replacement or placebo infusions. The treated group had an increase in the PaO 2 :FiO 2 within 24 hours. We do not know whether using lung-water measurements to drive protocol instructions or increasing the use of colloid would have increased the benefits of the conservative strategy in our study. The hemodynamic consequences of the conservative strategy were small and apparently of minimal clinical significance. Although the mean arterial pressure, stroke volume, and cardiac index were slightly lower in the conservative-strategy group than in the liberal-strategy group, there were no significant differences in mixed venous oxygenation or in the incidence or duration of shock. Although the conservative strategy was associated with a slightly higher blood urea nitrogen level, the creatinine level, the number of days without renal failure, and the need for dialysis were similar in the two groups. Possible reasons for the greater number of days without central nervous system failure in the conservative-strategy group include a reduced incidence of cerebral edema, differences in acid-base status, or a lower rate of use of sedation as improved lung function permitted earlier removal from the ventilator. The available data are not sufficient to distinguish among these or other potential explanations.
The protocols were designed to minimize risks. During shock, physicians treated patients according to their usual practice. Because of concern that a conservative approach might worsen cardiovascular or renal function, diuretic administration was suspended until 12 hours after a fluid bolus or the reversal of shock, and prompt fluid administration was provided in the event of oliguria or ineffective circulation. Diuretic therapy was titrated on the basis of the patient's response, avoided in patients with worsening renal function, and limited to a daily maximum. To minimize the risk of excessive fluid therapy, protocol-mandated fluid administration in patients without shock was limited to three boluses per day and was withheld in patients without shock who had severe hypoxemia (FIO 2 ≥0.7) or a cardiac index of at least 4.5 liters per minute per square meter of body-surface area.
Electrolyte levels were managed by the clinician. The conservative-strategy group had a higher partial pressure of arterial carbon dioxide, arterial pH, and bicarbonate level than did the liberal-strategy group. Although mean differences between the groups in the serum sodium, potassium, and bicarbonate levels were small, a higher percentage of patients in the conservative-strategy group had at least one potassium value between 2.5 and 3.0 mmol per liter, at least one sodium value of 150 mmol per liter or more, and at least one bicarbonate value of 40 mmol per liter or more. Hence, close monitoring of electrolyte levels is warranted during diuretic therapy.
Since we tested specific management strategies that used several variables and safeguards, we do not know whether the safety and benefit of the conservative protocol could be realized by using the simplified target of a zero fluid balance. Departures from the specific hemodynamic and ventilator protocols used in this trial may lead to clinical outcomes that differ from those observed in this study.
In conclusion, we found that use of a conservative fluid-management protocol with a lower central venous pressure or pulmonary-artery occlusion pressure target resulted in a major reduction in net fluid balance without an increase in adverse events, as compared with a liberal fluidmanagement protocol targeting higher intravascular filling pressures. Although we did not detect a difference in the mortality rate between the two approaches, the conservative strategy improved lung function and shortened the duration of mechanical ventilation and intensive care, without increasing nonpulmonary organ failures. These results support the use of a conservative strategy of fluid management in patients with acute lung injury.
